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Abstract
1-fluoro-pentane-2,4-dione (monofluoroacetylacetone, MFAA) is an asymmetric β-diketone with
a strong intramolecular hydrogen bond similar to acetylacetone (AA) and its fluorinated analogs 1,1,1trifluoro- (TFAA), and 1,1,1,5,5,5-hexafluoroacetylacetone (HFAA). The presence of a fluorine atom in
MFAA has the potential to open an HF elimination channel in its gas-phase photochemistry motivating
this study of MFAA hydrogen bonding by computer modeling using Density Functional Theory (DFT).
As a context, we also report DFT modeling of AA and selected fluorinated acetylacetones: 1,1-difluoropentane-2,4-dione (difluoroacetylacetone, DFAA), TFAA, and HFAA. The most stable molecular
structure for all three asymmetric β-diketones (MFAA, DFAA and TFAA) is the isomer with the
fluoromethyl group proximal to the carbonyl carbon; in comparison to the proton transfer isomer, which
has the fluoromethyl group proximal to the hydroxyl carbon, the carbonyl isomer is lower in energy by
5.1–5.5 kJ mol–1 (B3LYP/cc-pVTZ) and 2.1–3.7 kJ mol–1 (MP2/Aug-cc-pVTZ). We also report
hydrogen bond strengths, barriers to proton transfer interconversion and barriers to rotation of the
methyl/fluoromethyl groups. Our study, the first to report molecular structure information on MFAA
and DFAA, indicates that the most stable chelated isomer of MFAA is not the structure with the
strongest hydrogen bond as conventionally determined. Our modeling also reveals a coupling between
proton transfer isomerization and methyl group rotation, and an unexpected double-minimum potential
for the rotation of the fluoromethyl group of MFAA.

© 2016. This manuscript version is made available under the Elsevier user license
http://www.elsevier.com/open-access/userlicense/1.0/

Graphical Abstract

1. Introduction
The group of compounds known as β-diketones are well-known to exist in a keto-enol
equilibrium[1,2]. This equilibrium depends on the properties of the substituents on the chelated ring of
the enol form[3]. The simplest β-diketone, pentane-2,4-dione (acetylacetone or AA) and its readily
available fluorinated analogs, 1,1,1-trifluoro-pentane-2,4-dione (trifluoroacetylacetone, TFAA) and
1,1,1,5,5,5-hexafluoro-pentane-2,4-dione (hexafluoroacetylacetone, HFAA) all favor the enol form,
which is known to exhibit a strong intramolecular hydrogen bond[4–7]. In fact the hydrogen bond (HB)
in these molecules is on the order of three times stronger than the HB found in water, a phenomenon tied
directly to the degree of conjugation in the chelated ring such that it is termed a resonance-assisted
hydrogen bond (RAHB)[6]. Although the presence of trifluoromethyl groups on the chelated ring
weakens the HB, the enol form remains dominant in the gas phase. Recently Muyskens et al.[8] showed
that both TFAA and HFAA undergo gas-phase HF elimination upon UV excitation, whereas the
analogous H2 elimination pathway in AA is not evident. Further understanding of the role that fluorine
atoms play in the HB strength and the HF elimination pathway leads to our interest in 1-fluoro-pentane2,4-dione (monofluoroacetylacetone, MFAA), which is the focus of this paper. A more general question
is directed at β-diketones made asymmetric by the addition of fluorine atoms and how that influences
the molecular structure and the orientation of the intramolecular hydrogen bond, IHB. We are ultimately
curious about whether the molecular structure of MFAA will be poised to undergo the photochemical
pathway, since it is possible that the presence of a single fluorine atom in a methyl group is sufficient to
open this channel. In the case of an asymmetric acetylacetone, we wonder if the most stable molecular
structure will require proton transfer as a necessary first step in the photoelimination mechanism?
Figure 1 shows the molecular structure of MFAA including the atom numbering scheme and the
relevant interconversion of structures due to three adjustments: proton transfer shifting the position of
the IHB, rotation about the C–O bond to open the IHB in order to calculate the HB energy, and rotation
of the fluoromethyl group. Figure 1b illustrates the key energy differences that characterize the
structures. While the primary focus in this report is on MFAA, we include 1,1-difluoro-pentane-2,4dione (difluoroacetylacetone, DFAA) in our calculations to further explore the influence of fluorine
atoms on the HB strength. For context, we also calculated the structural information for the well-studied
AA, TFAA and HFAA. As such, our report describes five molecules, three of which involve an

asymmetric fluorine distribution and therefore will have two distinct isomers, one more stable than the
other depending on the orientation of the HB; Scheme 1 lists the eight structures reported in this study.
The questions then are which isomer with an asymmetric fluorine distribution will be favored,
and is the strength of the HB simply related to the number of fluorine atoms? Scheme 2 shows the
proposed mechanism for the gas phase photoelimination reaction of TFAA and HFAA reported by
Muyskens et al.[8] adapted for MFAA. In this scheme, the orientation of the IHB is such that proton
transfer is not required before C2-C3 rotation brings the fluorine atom into proximity of the proton
leading to elimination. We note that in this configuration the fluoromethyl group is bound to the
carbonyl carbon; we therefore refer to this as the carbonyl isomer (also labeled 2MFAA or 2DFAA), and
proton transfer to the opposite oxygen atom results in the fluoromethyl group being bound to the
hydroxyl carbon (in this case the carbonyl carbon is C4 and we use the labels 4MFAA and 4DFAA).
When this labeling approach is applied to TFAA, our labels are in fact consistent with other reports on
TFAA modeling† [9–11].

Footnote
† We note that Raissi’s structure labeled 5-TFAA[10] and our 4TFAA structure are the same, and Figure
1 of Tabrizi[11] has the 2TFAA/4TFAA notation incorrectly reversed.

(a
)

proton transfer

proton transfer

(b
)

Figure 1: Diagram illustrating the calculated structures for MFAA as representative for all calculated structures. (a) Molecular
structures including the numbering and labeling schemes. In all structures the fluoromethyl group remains attached to C2. The proton
shift via the transition state connecting I to I´ results in a shift of the carbonyl group from C2 to C4. The connection between structure
I and II is rotating the OH group 180 degrees; the connection between structure I and III is rotating the fluoromethyl group to observe
the rotation barrier(s). The prime indicates structures where C4 is the carbonyl carbon – in this case the label for the molecule has a
prefix 4, for example 4MFAA. Trans refers to the staggered dihedral orientation of F with respect to O across the C1-C2 bond; (b) a
scheme representing the relevant energy levels, ES is the energy by which I is more stable than I´, ETS is the barrier for proton transfer
from I to I´, and EHB is the energy of the hydrogen bond (EII – EI).

Scheme 1. Diagram indicating the eight structures modeled in this report

Scheme 2. Monofluoroacetylacetone (MFAA) photoedecomposition mechanism to eliminate hydrogen fluoride
and form methylfuranone. (The * indicates MFAA with additional energy from photon absorption.)

Although MFAA has been synthesized[12–14], it is very sparsely reported in the literature and
there are no known commercial suppliers. NMR data suggests MFAA is 87% enol in the liquid phase10,
but no IR data or other structural information is available. DFAA is modestly more represented and has
commercial sources, however very little experimental data is reported, notably no IR data. Furthermore,
there are no known computational studies of the structure of these two molecules. Since the literature
reports good agreement between experimental and theoretical results for AA, TFAA, and
HFAA[11,15,16] we expect our theoretical results for MFAA and DFAA regarding geometric
parameters, hydrogen bonding, IR spectroscopy, isomerization, and barriers to rotation will be useful for
characterizing the molecular structure and interpreting future experimental data.
One of the goals of this study is to determine where MFAA and DFAA fit in the trend of
hydrogen bond strengths reported by Tabrizi et al.[11]:
AA > TFAA > HFAA

Our results are generally consistent with the idea that as the number of fluorine atoms increases, the
intramolecular hydrogen bond strength decreases, but connecting HB energy to the most stable
molecular structure is a more complex story than expected. In the process of carrying out this modeling,
the results point to two interesting results involving methyl group rotation. First, the models, based on
our B3LYP-DFT calculations, indicate that the orientation of the methyl group changes on proton
transfer interconversion of the HB, suggesting a coupling between these two molecular motions. Second,
the results reveal an unexpected double minimum energy profile for fluoromethyl group rotation in
MFAA.

2. Method of analysis
All quantum chemistry calculations were performed with the Gaussian09 program package[17]
using the WebMO interface[18]. Full geometry optimizations of all eight stable structures investigated
in this paper (AA, 2MFAA, 4MFAA, 2DFAA, 4DFAA, 2TFAA, 4TFAA, and HFAA; see Figure 1),
their non-hydrogen-bonded counterparts, and their transition states to interconversion were performed
using the B3LYP methodology[19–21] and the cc-pVTZ basis set. We did comparison calculations for
checking consistency of results at the B3LYP/cc-pVDZ level. The barriers to methyl/halomethyl
rotation were calculated for the eight structures of interest at the B3LYP/cc-pVTZ level (and for
consistency also at the B3LYP/cc-pVDZ level). We also evaluated the single-point energy for the
optimized structures of all eight cases, the corresponding transition states for proton transfer, and the
non-hydrogen-bonded counterparts using the MP2/Aug-cc-pVTZ level of theory with the understanding
that energy differences using this level of theory are nearly free of basis set superposition error, BSSE.
Buemi[22] states that the BSSE effect that is of great concern for intermolecular H-bonding is not as
significant a problem when considering intramolecular cases, in particular for the hexatomic chelate
ring. Jensen[23] reports some concern about an intramolecular BSSE but does point out that the larger
basis sets minimize the effect and the compensation strategy is difficult.
To find structures II and II’ of Figure 1, the structure was created with the hydrogen bond in the
open configuration, and then optimized at the B3LYP/cc-pVTZ level of theory to find a local minimum
that left the structure open (also verified at the B3LYP/cc-pVDZ level).

The Supplementary Material provides the full set of geometric parameters at both the
B3LYP/cc-pVTZ and the B3LYP/cc-pVDZ level to allow comparison of basis set results (Table S1). In
general, the geometries from cc-pVDZ to cc-pVTZ are quite comparable. Included in the Supplementary
Material are the full set of harmonic vibrational modes calculated at the B3LYP/cc-pVTZ level for both
isomers of MFAA (Table S2 and S3), as well as the rotational profiles calculated at the B3LYP/ccpVTZ level of the CFH2 groups of the keto and enol forms of fluoroacetone (1-fluoro-2-propanone)
(Figure S1 and S2) discussed in section 3.4.
Table 1
Selected calculated geometric parameters for AAa, HFAAa, and both isomers of MFAA, DFAA, and TFAA, the carbonyl
isomer values are highlighted in boldb.

AA

Hydroxyl

Carbonyl

Hydroxyl

Carbonyl

Hydroxyl

2MFAA

4MFAA

2DFAA

4DFAA

2TFAA

4TFAA

HFAA

R2-3

1.440

1.428

1.360

1.425

1.356

1.422

1.354

1.437

R3-4

1.367

1.371

1.443

1.371

1.449

1.375

1.452

1.358

R2-6

1.244

1.245

1.323

1.241

1.320

1.237

1.316

1.228

R7-4

1.323

1.321

1.244

1.321

1.240

1.317

1.239

1.314

RO···O

2.533

2.541

2.526

2.561

2.536

2.549

2.536

2.575

RO-H

1.006

1.004

1.008

0.999

1.005

1.001

1.005

0.996

RH···O

1.614

1.628

1.607

1.657

1.627

1.642

1.629

1.692

θ6-8-7

149.6

149.0

149.1

148.2

148.0

148.2

147.7

145.4

φX-1-2-3

176.4

0.1

0.0

75.6

10.3

0.0

0.0

180.0

φX-5-4-3
λ
a

Carbonyl

c

c

0.1

0.0

180.0

0.2

178.4

0.0

180.0

0.738

0.708

0.753

0.709

0.770

0.698

0.773

0.0
0.758

Note that in the most stable, optimized structures of AA and HFAA, the carbonyl-side methyl/fluoromethyl group eclipses

the carbonyl oxygen atom; the hydroxyl-side methyl/fluoromethyl group is staggered with respect to the hydroxyl oxygen
atom – best represented by structure I´.
b

Distances R in angstroms, angle θ and dihedral φ in degrees, both calculated at the B3LYP/cc-pVTZ level

c

In the case of the dihedral angle involving a CF3 group, an angle of 180° could be equivalently designated 60°.

c

λ is the unitless Gilli coupling parameter[6], see text

3. Results and discussion
3.1 Geometrical parameters
Table 1 presents selected parameters from the optimized geometry for the eight structures of
interest (either structure I or I´ in Figure 1) at the B3LYP/cc-pVTZ level. The calculated results show
that six of the eight structures of interest have Cs or nearly-Cs symmetry. Concerning the two isomers
that do not have Cs symmetry comprising both isomers of DFAA, the fluorine and hydrogen atoms of
the CF2H groups are considerably out of the plane formed by the chelated ring. For molecules with Cs
symmetry, the methyl/fluoromethyl groups are normally staggered with respect to the vicinal oxygen
atom; exceptions to this are found in AA, 4MFAA, 4TFAA where the CH3 group adjacent to the C=O
group eclipses the oxygen atom, and analogously the CF3 group adjacent to the C=O group of HFAA
eclipses the oxygen atom. This feature is represented in Figure 1 by the orientation of the methyl group
in structure I´. The dihedral angles in Table 1 φX-1-2-3 (also referred to when appropriate as φc when this
dihedral angle is with respect to the carbonyl group) and φX-5-4-3 (referred to later as φh when this
dihedral angle is with respect to the hydroxyl oxygen) give the methyl group orientations, and will be
discussed in section 3.4.
The ring conjugation coupling parameter λ, introduced by Gilli et al.[6], is used to evaluate the
degree of π-delocalization within the chelated ring. It is based on differences between single and double
bond lengths in the ring, and is defined as follows:
λ =12∗[1−(10.320∗((𝑅2−6−𝑅7−4)+(𝑅3−4−𝑅2−3)))].
Values of λ range from 0 to 1, where 0 and 1 correspond to no π –delocalization and 0.5 corresponds to
complete π–delocalization. Table 1 includes these values for the eight modeled structures. With values
ranging from 0.70 to 0.77, it is clear that all exhibit a considerable degree of conjugation. As such, all of
the I and I´ structures calculated in this study are considered to be stabilized by a resonance-assisted
hydrogen bond (RAHB). The effect of fluorine atoms on the conjugation is apparent; in particular, when
the fluoromethyl group is adjacent to the C=O group, there is a higher degree of conjugation. λ(2TFAA)
is closer to 0.5 than λ(4TFAA), which points to greater conjugation present in 2TFAA where the CF3
group is bonded to the carbonyl carbon C2. In this case, the difference between 2TFAA and 4TFAA is

Δ𝜆 = 0.075. In MFAA we observe also that λ(2MFAA) is closer to 0.5 than λ(4MFAA) again

contributing to more conjugation when the fluoromethyl group is bonded to the carbonyl carbon C2, but
the effect is not as large as in TFAA, as expected for the influence of one fluorine atom versus three.
And for MFAA the difference between the two isomers is also not as large as TFAA, Δ𝜆 = 0.045. The
coupling parameter appears to show how fluorine atoms influence the degree of conjugation in the
chelated ring. Since the set of molecules that are the focus of this study all contain RAHBs, it would
seem that strong conjugation will give a stronger HB. But we also expect that as we add F atoms the HB
is weakened, so in seeking to understand which isomer is most stable and how the HB plays a role, these
ideas seem to point in opposing directions.

Table 2
Energy, relative to the most stable (carbonyl) isomer structure, of the less stable (hydroxyl) isomer structure, ES, and the
proton transfer transition state, ETS, for AA, MFAA, DFAA, TFAA, and HFAA
ES (kJ mol–1)

Compound

B3LYP/cc-pVTZ

MP2/Aug-cc-pVTZ

B3LYP/cc-pVTZ

MP2/Aug-cc-pVTZ

–

–

9.1a (8.1)b

9.1c

MFAA

5.4

3.7

12.6

11.4

DFAA

5.5

3.3

14.2

12.8

TFAA

5.1 [5.7]d

2.1

13.9 [12.5]

11.7

HFAA

–

–

13.6 {10.1}e

12.9

AA

a

ETS (kJ mol–1)

Data from the authors at the B3LYP /cc-pVTZ calculation level. b data from Ref [24] in parentheses, c data from the authors

at the MP2 /Aug-cc-pVTZ calculation level, d data from Ref [10] in brackets. e data from Ref [9] in curly braces. Data from
Refs [9,10,24] at the B3LYP/6-31 G** calculation level.

3.2 Asymmetric isomer stability and proton transfer interconversion
Table 2 presents the relative energies of both isomers of the three asymmetric compounds. For
the chelated structures of MFAA, DFAA, and TFAA, the carbonyl isomer is calculated as more stable
than its respective hydroxyl isomer by 5.4, 5.5, and 5.1 kJ mol–1, respectively, using the B3LYP/ccpVTZ level of theory. Our calculation of the same structures at the MP2/Aug-cc-pVTZ level, gives
energy differences that are generally lower: 2.1, 3.3, and 3.7 kJ mol–1, respectively, with the same
prediction that the carbonyl isomer is lower in energy. Whether or not the hydrogen bond is present, the
carbonyl isomer is always found to be more stable than its hydroxyl counterpart. The one point of
comparison we have with another calculated literature value is at the B3LYP level with a different basis
set[10], and using our larger basis set the energy difference between 2TFAA and 4TFAA appears to be
smaller. It is remarkable that experiment consistently observes that the carbonyl structure is preferred
when our best calculations suggest the energy difference between carbonyl and hydroxyl isomers is
rather small. These data answer the key question about asymmetry: in each case the most stable isomer
is in the form that is ready to participate in the photoelimination channel. This means that while the
mechanism calls for the breaking of the hydrogen bond and rotating about one of the bonds in the
conjugated ring, the added step of proton transfer is not required for the majority of gas-phase molecules
subject to the photoelimination process.
Table 2 also shows the energy barrier for proton transfer interconversion between the two
chelated isomers of AA, MFAA, DFAA, TFAA and HFAA. For the barrier to proton transfer
isomerization, the difference between our results and the literature values may be due to our calculations
being done at a higher level of theory and/or basis set. The isomerization energy differences calculated
at the MP2-level of theory are similar to or smaller than our results at the B3LYP-level. Based on the
optimized geometry, it is also interesting to note that for interconversion between one enolic isomer to
the other for MFAA, DFAA and TFAA, our modeling predicts that only the methyl group must rotate
during proton transfer to achieve the most stable structure (although there is also some slight
difluoromethyl twisting indicated for DFAA). To allow visualization of these observations, we have
collected images of all the optimized molecular structures including transitions states into one figure
placed in the Supplemental Material (including the open structures with no HB). Furthermore, since our
modeling includes the transition state, TS, there are two steps in the process: (1) from the carbonyl

structure to the TS, and (2) from the TS to the hydroxyl structure. We note the proton transfer pathway
between the more stable carbonyl structure and the transition state does not predict rotation of either
methyl group, and therefore it is the step from transition state to the hydroxyl structure that introduces
the apparent need for rotation of the methyl group. We discuss the (fluoro)methyl group rotation
energies in section 3.4.

Table 3
Data highlighting hydrogen bond characteristics: O···O interatomic distances, O-H distances, O···H-O angles, and infrared
OH stretching frequenciesa.
RO···O (Å)

RO–H (Å)

θ(O···H-O) (°)

νOH (cm–1)

AA closed

2.533

1.006

148.8

2998

AA open

2.793

0.963

2MFAA closed

2.541

1.004

2MFAA open

2.798

0.963

4MFAA closed

2.526

1.008

4MFAA open

2.808

0.964

2DFAA closed

2.561

0.999

2DFAA open

2.814

0.963

4DFAA closed

2.536

1.005

4DFAA open

2.812

0.966

2TFAA closed

2.549

1.001

2TFAA open

2.781

0.964

4TFAA closed

2.536

1.005

4TFAA open

2.811

0.965

HFAA closed

2.575

0.996

3806

149.0

3034
3803

149.1

2960
3788

148.2

3116
3803

148.0

3019
3768

148.2

3081
3800

147.7

3024
3785

145.4

3196

HFAA open
a

2.806

calculations performed at the B3LYP/cc-pVTZ level.

0.967

3763

3.3 Hydrogen bonding
3.3.1 Overall geometry
The literature on hydrogen bonding in enolic β–diketones is split on the issue of whether the HB
is linear or not and whether it is symmetric or not. Table 3 collects molecular parameters related to
hydrogen bonding, and it shows the O···H-O angles of all structures are near 150°, where the hydrogen
atom is covalently-bonded to one oxygen atom, and hydrogen-bonded to the other. These results are in
agreement with the experimental data of Gilli et al.[6], which for AA reports an average intramolecular
O···H-O angle of 149° in the solid phase. Gilli et al.[7] comments on the nonlinearity of the hydrogen
bond in the crystal form of AA and again states that this intramolecular angle is about 150°. Our results
are not consistent with those found by Andreassen et al.[25], who found the O···H-O angle to be near
175.5° and the H atom centrally located for HFAA through electron diffraction studies. Our observation
of an asymmetrical hydrogen bond is consistent with the results of Woodford et al.[26] who studied
hydrogen bonding in malonaldehyde. Iijima reported an asymmetric HB for AA[27], but a symmetric
HB in HFAA[28] based on gas–phase, electron diffraction studies.
For AA, both isomers of TFAA, and HFAA, our results for the distances RO–H, RO···H, and RO···O
are in good agreement with those calculated by Buemi[9], Raissi et al.[10], and Tabrizi et al.[11]. For all
calculated structures, the hydrogen atom was found to be located very close to 1 Å from the oxygen
atom of C-OH and to a somewhat more variable degree just over 1.6 Å from the oxygen atom of C=O.
At the B3LYP/cc-pVTZ level of our study, the O···O interatomic distances of AA and HFAA are
calculated to be 2.533 and 2.575 Å, respectively, which are in excellent agreement with that of Tabrizi et
al.[11]. Furthermore, our results are in good agreement with the experimental structure determination for
AA by electron diffraction[27], that reports an OH distance of 1.05 Å and an O···O distance of 2.51 Å.
This gives us some degree of confidence that applying our modeling to MFAA and DFAA is valid.
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Fig. 2. The energy of hydrogen bonds (EHB) (kJ mol-1) of the eight structures of this investigation as a function of the number
of fluorine atoms in the molecule (calculated at B3LYP/cc-pVTZ level). Lines connect the data points to guide the eye.
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Fig. 3. The change in natural bond order partial charge of the H atom in the hydrogen-bond (atom 8 in Figure 1) between
states I and II, and I’ and II’ calculated at the B3LYP/cc-pVTZ level of theory. Lines connect the data points to guide the eye.

Table 4
Hydrogen bond strength energies, EHB, (the energy difference between structures I and II in Fig. 1) based on three different
levels of theory.

AA

B3LYP/cc-pVDZ
72.6

EHB (kJ mol–1)
B3LYP/cc-pVTZ
65.9

MP2/Aug-cc-pVTZ
63.9

2MFAA
4MFAA

68.3
76.9

62.0
70.0

60.5
68.6

2DFAA
4DFAA

63.6
60.8

56.9
57.1

54.6
56.4

2TFAA
4TFAA

61.8
60.1

57.8
55.6

56.4
55.1

HFAA

48.0

49.7

50.4

3.3.2 Hydrogen bond energy
Table 4 shows our hydrogen bond energy data for all eight structures in this report calculated at
three levels of theory. Our values for AA and both TFAA isomers are in very good agreement with those
of Tabrizi et al.[11]. According to Perrin et al.[29], hydrogen bonds deemed ‘strong’ have a strength of
40.0 kJ mol-1 or greater. Our hydrogen bond energies cover a range of 65.9 kJ mol-1 for AA to 49.7 kJ
mol-1 for HFAA (calculated at the B3LYP/cc-pVTZ level). In general EHB decreases for each increase in
level of theory. The EHB values become lower by about 1-2 kJ/mol comparing B3LYP/cc-vPTZ values
to those from MP2/Aug-cc-pVTZ applied to the same structure, but the difference has a tendency to
become less as the number of fluorine atoms increases. One unexpected feature in Table 2 is that the
HFAA EHB at the lowest theory level (B3LYP/cc-pVDZ) appears to be lower than the other values, but
in this case the pair of geometry-optimized structures (open and closed) do not completely agree with
the next higher theory-level. We place more confidence in the B3LYP/cc-vPTZ geometry because it fits
the pattern established by the other molecules in this study, especially the other symmetric optimized
structure in AA.

Figure 2 highlights the hydrogen bond energy versus the number of fluorine atoms in the
molecule at the B3LYP/cc-pVTZ level. It shows, in general, that the hydrogen bond strengths of the
carbonyl isomers decrease as the number of fluorine atoms increases, with 2DFAA exhibiting a small
deviation from the trend. The most striking feature of this figure is the large EHB for 4MFAA; in this
case, the less stable hydroxyl isomer appears to have a much stronger hydrogen bond than the carbonyl
isomer. This challenges the notion that the isomer with the stronger hydrogen bond, as HBs are
conventionally calculated, will be the more stable isomer. In the case of DFAA the two isomers have
nearly identical HB energies and yet the carbonyl isomer is more stable, and in the case of TFAA the
more stable carbonyl isomer has the stronger HB.
In the non-hydrogen bonded cases of hydroxyl DFAA, hydroxyl TFAA, and HFAA, the
hydrogen atom of C–OH is now in closer proximity to a fluoromethyl group, which has the potential to
create a hydrogen bond with a fluorine atom, most obviously observed in the case of HFAA. This weak
hydrogen bond stabilizes the “non-hydrogen bonded” molecule, which results in a smaller apparent
hydrogen bond strength. However, in hydroxyl MFAA, the oxygen atom of C–OH and the fluorine atom
remain staggered, so there is no corresponding F···HO hydrogen bond in this case. This may account for
the larger apparent hydrogen bond for MFAA-II´. This raises the natural question of whether the
method of calculating hydrogen bonds by comparing energies of conformations I and II (see Figure 1) is
the right way to calculate the hydrogen bond strength. Since most papers including the work of Tabrizi
et al.[11] use the conventional approach, we chose to calculate hydrogen bond strengths in the same
manner for comparison’s sake.
Supplementary Material Table S4, comprised of the absolute energies for calculating EHB,
provides a glimpse of the effect of carrying out the calculations with a basis set that is one level lower
than our cc-pVTZ standard basis set. B3LYP/cc-vPTZ absolute energies are always lower than
B3LYP/cc-vPDZ absolute energies for the same structure, which is expected from simply expanding the
basis set. The resulting hydrogen bond energies, EHB, are also a bit lower by about 10%. MP2/Aug-ccpVTZ absolute energies are always higher (less negative) than either of the B3LYP energies but it is a
single point energy for the structure optimized by the B3LYP/cc-vPTZ approach, and in this case the
primary interest is the energy differences for determining EHB. The fact that EHB normally gets smaller
with an expanded basis set may also be consistent with a smaller BSSE effect.

3.3.3 Natural bond order analysis
To further investigate the hydrogen bonding of these structures, we ran natural bond order
(NBO) population analysis and partial charge assignment on the B3LYP/cc-vPTZ optimized structures.
In every case, the hydrogen bonded structures clearly reveal more negative partial charge on the oxygen
atoms compared to their corresponding open structures. A prominent observation is the change in partial
charge on the H atom involved in hydrogen bonding (atom 8 in Figure 1). Figure 3 shows the difference
in the NBO-calculated partial charge on the proton between the corresponding chelated structures, I or
I´, and open structures, II or II´; the key here being that the more positive the charge on the hydrogen
atom appears to correlate very well with the stronger hydrogen bond. The progression with number of F
atoms in Figure 3 is strikingly similar to Figure 2. This once again points to 4MFAA having the
strongest hydrogen bond, even though 2MFAA is calculated to be the more stable isomer.
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Fig. 4. The O···O interatomic distance (Å) for the eight structures investigated in this paper.

3.3.4 O···O interatomic distance
Figure 4 shows our calculated RO···O interatomic distances as a function of the number of fluorine
atoms, which gives another perspective on the hydrogen bond since shorter O···O interatomic distances
normally correspond to stronger hydrogen bonds. Our calculation results for AA, TFAA and HFAA
follow the same trend as that of Tabrizi et al.[11]. For the more stable carbonyl isomer, there is a
straightforward increase in RO···O as fluorine increases, with the exception of DFAA being longer than
anticipated with respect to the other values. For the three asymmetric cases, the less stable hydroxyl
isomer has a shorter RO···O suggesting a stronger HB than found in the carbonyl isomer. As with Figure 2
and 3, the story of fluorine addition does not reduce to the simple picture that would allow us to place
the molecules in order by decreasing strength of the HB (as calculated here). Nevertheless, Figure 4
does show the overall trend for a weaker HB as the number of fluorine atoms increases.
3.3.5 O–H stretching frequency
The O–H stretching frequency, νO–H, provides another molecular parameter that indicates a
degree of hydrogen bonding. For example, νO–H for RAHB-containing malondialdehyde[30] is 3079 cm–
1

, which is in the range of our data reported in Table 3 (our values range from 2960 to 3116 cm–1). The

report on malondialdehyde suggests that the νO–H would occur at 3622 cm–1 if there was no π–
conjugation[30]. Pribble, Hagemeister and Zwier[31] observe that, while the methanol monomer OH
stretching frequency occurs at 3681.5 cm–1, hydrogen bonded clusters of methanol ranging from 2 to 6
methanol molecules in the presence of a single benzene molecule exhibit OH stretching frequency shifts
due to hydrogen bonding of –200 to over –500 cm–1. When we calculate νO–H for the open nonhydrogen-bonded structures in this study, the values range from 3760 to 3800 cm–1. It is apparent that
our OH stretching frequencies are shifted dramatically from the OH stretching frequency expected for a
free OH stretch. For the carbonyl to hydroxyl shift in all three asymmetric cases, the OH stretching
frequency gets further red shifted (by 74 cm–1 for 2MFAA to 4MFAA). The Gilli lambda parameter in
Table 1 suggests the carbonyl is somewhat more conjugated than the hydroxyl isomer, so the notion that
more conjugation strengthens the HB, which in turn red-shifts the OH stretching frequency is not borne
out. And in Table 3 there does not appear to be a direct correlation between the absolute frequency and
the number of fluorine atoms. Nonetheless, the amount of red-shifting of the calculated OH stretching
frequencies points to significant influence of the HB.

Interestingly, the pattern of shifts in the OH stretching frequency is very similar to the pattern
shown in Figure 3 for the RO···O interatomic distances, such that the shortest RO···O correlates to the
largest νO–H red shift, again suggesting the strongest H-bond is present in 4MFAA. Our modeling
involves 8 structures with different O···O distances, and Figure 5 shows how the calculated O–H
stretching frequency in the chelated structures appears to be very well correlated to the O···O distance.
Ratajczak[32] described a general relationship between O–H stretching frequency and the O···O
distance based on dozens of compounds. In the region of O···O distances from 2.5 to 2.6 Å, Ratajczak’s
report gives a slope of about 5000 cm–1/Å with a fair amount of scatter about this general trend over a
much wider range of distances. Our modeling points to a close relationship with a slope of 4600 cm–1/Å
in the linear fit shown in Figure 5.
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Fig. 5. O–H stretching frequency, νO–H, versus O···O interatomic distance (Å) for the eight structures modeled in this paper.
The dotted line is the linear fit to the data. The shortest distance corresponds to 4MFAA and the longest to HFAA.

3.4 Barriers to fluoromethyl and methyl rotation in the asymmetric molecules, MFAA, DFAA, and TFAA
As noted earlier, our modeling indicates a coupling between proton transfer interconversion and
methyl group rotation. To be sure, this coupling is simply indicated by comparing the optimized
structures and noting that the methyl group orientation has changed. This is easiest to point out in the
symmetric cases, AA and HFAA, where the carbonyl methyl is eclipsed with respect to the carbonyl
oxygen and the hydroxyl methyl is staggered with respect to the hydroxyl oxygen. When proton transfer
occurs, both methyl groups must rotate. The asymmetric cases are not as straightforward. For MFAA
and TFAA, our modeling indicates that the methyl group will rotate but the fluoromethyl group does
not, while in the DFAA case, the methyl group will rotate as in MFAA and TFAA, but there is also
some lesser rotation indicated for the CHF2 group. To attempt to determine the strength of this coupling
is beyond the scope of this study, except to be curious about the energy required for methyl rotation in
the form of a rotation energy profile.
To investigate this further, we modeled the methyl group rotation energy profile for each
structure, which reveals the barrier to rotation. Our rotational studies involve starting with the optimized
molecular structure and rotating the X-C1-C2-C3 dihedral angle (φc) or the X-C5-C4-C3 dihedral angle
(φh) for 36 steps by 10°/step. The geometry was optimized after every step, while keeping the specified
angle fixed. We chose to use dihedral angles oriented along the carbon skeleton instead of dihedral
angles that involve the oxygen atom because (a) C3 is the center of the carbon skeleton and thus
consistent among all of our models, and (b) usually, the most stable conformation of the molecules
occurs at φc = 0°. AA and HFAA are exceptions; they have relatively small maxima at φc = 0°. For all
barriers to rotation, data are presented at the B3LYP/cc-pVTZ level. We obtained similar results from
repeating all the studies at the B3LYP/cc-pVDZ level. For the carbonyl isomers, the dihedral angle (φc)
is computed between F-C1-C2-C3; for the hydroxyl isomers, the dihedral angle (φh) is computed
between F-C5-C4-C3.

Fig. 6. The barriers to rotation of the fluoromethyl groups of carbonyl MFAA, carbonyl DFAA, and carbonyl TFAA at the
B3LYP/cc-pVTZ level.

Fig. 7. The barriers to rotation of the fluorinated methyl groups of hydroxyl MFAA, hydroxyl DFAA, and hydroxyl TFAA at
the B3LYP/cc-pVTZ level.

Figure 6 shows the results of complete rotation of the CFH2 group for carbonyl MFAA. The
potential energy curve is symmetrical every 180° and displays a double-minimum potential: the global
minimum at 0° corresponds to the trans-structure (I in Figure 1), and a higher local-minimum at 180°
corresponds to the cis-structure (II). This rotation local minimum at φc = 180° is just below 12.0 kJ mol–
1

. The existence of a local minimum with its orientation of F eclipsing O and forming a two-fold energy

profile is a complete surprise. For carbonyl DFAA involving rotation of the CF2H group, Figure 6
reveals also a double-minimum potential although the two minima are barely separated such that it is
essentially a single minimum. Based on the geometric arrangements of the CF2H and CH3 groups for
both the carbonyl and hydroxyl isomers of DFAA, it is evident that both groups must rotate in concert
upon proton transfer isomerization to achieve the most stable structure. Also shown in Figure 6 are the
results of complete rotation of the CF3 group of carbonyl TFAA, which has a very small (barrier <0.1 kJ
mol-1) and threefold symmetry; minima are observed at angles of 30°, 90°, 150°, 210°, 270°, and 330°,
which are angles that are not in the plane of the chelated ring, and the potential energy curve is
symmetrical every 120°.
Figure 7 shows the results of the complete rotation of the CFH2 group for hydroxyl MFAA. It
displays a triple-minimum potential and shows rotation maxima whenever an atom eclipses the oxygen
atom of the C–OH group. Interestingly, in the case of TFAA, our calculation indicates that the CH3
group has an appreciable barrier to rotation (greater than 4.1 kJ mol-1) and we note that in the proton
transfer process it must rotate. This is in remarkable contrast to the situation with the CF3 group (shown
in Figure 6) where it has essentially no rotation barrier and yet it is not required to rotate upon proton
transfer.
Focusing on the methyl, CH3, rotation coupled to proton transfer in the asymmetric cases
involves paying attention to which HB isomer is used for the calculation. The methyl rotation has
barriers of 0.7, 1.2, and 1.3 kJ/mol for 4MFAA, 4DFAA and 4TFAA, respectively; whereas the methyl
rotation has barriers of 4.6, 4.4, and 4.2 kJ/mol for 2MFAA, 2DFAA and 2TFAA, respectively. The
rotation profiles of these all have the three-fold symmetry repeated every 120° similar to the TFAA
curve in Figure 7. These are the methyl rotations directly coupled to proton transfer in the asymmetric
cases hinted at by our modeling. It appears that the hydroxyl side barriers are more relevant to the
coupled motion because the rotation happens as the proton is on the hydroxyl side of the transition state.

Fig. 8. The barriers to rotation of both CH3 groups in AA and both CF3 groups in HFAA at the B3LYP/cc-pVTZ level.

3.6 Barriers to methyl rotation of the symmetric molecules, AA and HFAA
To provide some context to the rotational barriers for the asymmetric case, we also studied the
rotational energy profiles for the two symmetric cases. Figure 8 shows the results of complete rotation of
the CH3 group on both sides of AA and the CF3 group on both sides of HFAA. The potential energy
curves for rotation of the groups on the carbonyl side have threefold symmetry in which the barriers to
rotation are small (barrier <1.1 kJ mol–1). Figure 8 also displays the potential energy curves for rotation
of the groups on the hydroxyl side of AA and HFAA. These results are quite similar to each other: they
have three-fold symmetry and have barriers in the 5.0-6.0 kJ mol–1 range. These results are similar to the
TFAA case, where the carbonyl side has a very low barrier and the hydroxyl side has a barrier circa 6 kJ
mol–1.
All of the barriers to rotation presented here, with the highest barrier being 18.6 kJ mol–1 for
2MFAA, we expect to allow essentially unhindered rotation at 25 °C. However, under much colder

conditions, such as in molecular beams used in microwave spectroscopy, the barriers may be significant
enough that some rotations may be hindered.
Our results are in some agreement with that of Caminati et al.[33] who claimed the methyl
groups of AA have two distinct and low barriers to rotation, yet only one to be freely rotating. Our
barriers to rotation for HFAA are in agreement with the values reported by Evangelisti et al.[16] and
Chatterjee et al.[34] which include the results of CF3 rotation for HFAA at the B3LYP/aug-cc-pVDZ
level, as well as with other methodologies. The methyl group motion coupling to proton transfer has
been studied in HFAA and in AA.[34,35]
Spangler et al.[36] report that substitution on one ring of (E)-stilbene can slightly affect groundstate rotation barriers of a CH3 group on the other ring despite the large distance involved. With this in
mind, it is interesting to compare the cases of HFAA and carbonyl TFAA. Both have a CF3 group on C2,
and its barrier to rotation appears to be quite different (from <0.1 to 1.1 kJ mol–1) depending on whether
there is a methyl group or a CF3 group bound to C4. In each case, the same group (CF3) is rotated on the
carbonyl side of the molecule, but the substitution on the hydroxyl side of the molecule, far from the site
of rotation, is the only structural difference from which differences between the two molecules arise.
Remarkably, if we make a similar comparison between carbonyl AA and carbonyl TFAA, in which case
both have a methyl group at C4, the carbonyl methyl on AA has a small (~0.3 kJ mol–1) barrier, whereas
the CF3 group on TFAA has essentially no barrier. Perhaps these differences are not so large at our level
of computer modeling that they shouldn’t be overemphasized.
The results of rotating φc for the carbonyl isomer of MFAA exhibits an increase in energy as the
fluorine atom gets closer to the C=O group. However, the energy reaches its maximum (near φc = 110°),
then decreases to a local minimum at φc = 180°, in which the fluorine atom eclipses the oxygen atom of
C=O. Given the unexpected two-fold energy profile, we also performed the calculation at both the
MP2/cc-pVTZ and B3LYP/cc-pVDZ levels and observed the double-minima potential. To see if this
profile is unique to MFAA, we did a calculation for the CFH2 group rotation in the keto form of
fluoroacetone, and obtained strikingly similar results in terms of barrier height and shape of the energy
profile compared to carbonyl MFAA. Our obtained barrier height for fluoroacetone is also in agreement
with that previously reported by Durig et al.[37]. It is interesting that CFH2 rotation in carbonyl MFAA
gives a two-fold potential energy curve with a local minimum at φc = 180°, but the same CFH2 rotation
for hydroxyl MFAA gives the expected threefold potential energy curve with the global maximum at φh

= 180°, the difference being simply that the F atom is on the opposite side of the conjugated ring. It
seems unlikely that sterics play a role in this strikingly different result.
These coupled molecular dynamics potentially play a role in the photoelimination mechanism.
We have established that the majority of gas-phase molecules are in the optimal structure of the two
hydrogen-bonded isomers for the mechanism to proceed, however in the case that a reasonable fraction
of the gas-phase molecules is in the hydroxyl configuration, then the rotation-coupled proton transfer
step must be included in the pathway.

4. Conclusion
For the sparsely studied MFAA and DFAA, we have characterized by DFT (B3LYP/cc-pVTZ)
modeling their molecular structures, which include the remarkably strong intramolecular hydrogen
bond. Anticipating interest in the photochemistry of these compounds, we report for both of these
asymmetric beta-diketones that the carbonyl isomer (fluoromethyl bound to the carbonyl carbon) is the
more stable of the two chelated structures. This is consistent with calculations and experimental data on
AA, TFAA and HFAA. The addition of fluorine atoms to the molecule influences the hydrogen bonding
and the degree of conjugation in the ring stabilized by the hydrogen bond. The most straightforward
approach to determining the hydrogen bond strength (by difference between closed and open forms of
the chelated structure) offers a more complicated story juxtaposed with the observation that fluorine
weakens the hydrogen bond in the sequence AA, TFAA and HFAA; hydroxyl MFAA has the strongest
HB of all structures calculated in this report. Our modeling reveals a coupling between methyl rotation
and proton transfer isomerization, and the unexpected two-fold fluoromethyl rotation energy profile of
2MFAA could provide an interesting test of the modeling if it is observable in low temperature
experiments. We calculate the barrier to proton transfer from 2MFAA to 4MFAA is 12.6 kJ mol–1
(B3LYP/cc-pVTZ) which is comparable to calculated barriers for TFAA and HFAA.
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